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Abstract

Vircator is a vacuum microwave device characterised by a pulse working signal and high power.
It is classified as a High-Power Microwave (HPM) device and often is a component of
Electromagnetic Pulse (EMP) weapons and microwave power transmissions. The direct source of
a microwave signal is an oscillation of the so-called virtual cathode. The goal of the presented
research was to apply analytical analysis and numerical prototyping methods as a methodology for
optimization of the electrical and mechanical design taking into account transformation of
electrons' energy into a microwave signal. One of the key drawbacks of viractors as a microwave
source is a low energy efficiency transformation, which is typically of a single percentage.
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1. Introduction

Vircator (VIRtual CAthode OscillatOR) is an electronic vacuum microwave device, which is used
as a pulse high power microwave source. It is characterized by a simple mechanical structure, lack
of a magnetic field and tuneable frequency (typically between 1-10GHz). A comparison of
different pulse microwave vacuum devices is given on the figure 1 [1].
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Figure 1. Comparison of different pulse high power microwave vacuum devices [1]
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2. State-of-the-Art

Virtual cathode for the first time was observed and described by Irving Langmuire, who analyzed
behavior of an electron beam between two electrodes [2]. The mechanical structure of a typical
vircator is very simple and can be configured as a triode, which consists of: high power pulse
power supply, cathode in a form of an electron emission gun, anode in the form of a transparent
grid, cavity region of electrons' oscillations, microwave output system in a form of a waveguide
tube. Electrons are emitted from the cathode, then accelerated and transported through the
transparent anode. There are three basic designs of a vircator's geometry: axial, reflex, coaxial,
which is given schematically in the figure 2 [3].
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Figure 2: A typical electrical and mechanical structure of a vircator [a] and three basic geometry
designs: axial [b], reflex [c], coaxial [d] [3]

The source of a microwave signal are oscillations of a virtual cathode, which is created by a
relativistic electron beam being injected into the system of electrodes. It is worth noticing that the
oscillations are not due to the relativistic behavior of an electron beam but rather due to the virtual
cathode oscillations in time and space. The microwave signal waveform is formed by two
phenomena: plasma oscillations and electron flight time between a cathode and a virtual cathode,
refereed as the reflexing frequency. Thus the microwave signal is a mixture of the both and it is
dominant frequency value is between the plasma frequency f, and 2.5f,, as given in the figure 3
[4]. The basic drawback of a vircator is the low efficiency of an energy transformation, which is
of the order of a single percentage. This problem seems to be the basic challenge during
prototyping. One of the consequences is variety of different configurations and designs [5,6,7].
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Figure 3: Comparison of a plasma and reflexing frequency in an electron beam with a virtual
cathode [4]

3. Analytical Description and Analysis

A virtual cathode is formed when the space charge density p limit is reached, which leads to a local
electric potential minimum, which value is lower than the anode potential Va. Therefore, in that
region electrons have too low energy to be transported farther and are reversed to the cathode thus
causing the electron beam oscillations. The analytical description of such a situation requires
solving Poisson's equation:

VZV(x,y,z)=—%; 0

Where V is an electrical potential, po is a space charge density of electrons and o is a dielectric
constant. A schematic of a virtual cathode creation and an example solution of Poisson's equation
assuming non zero space charge density p is given in the figure 4.
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Figure 4: Schematic of a virtual cathode creation (a) and an example solution of Poisson's
equation (b)

Using an analytical description a corresponding literature research was performed in order to select
the analytical and experimental formulas, which describe the basic vircator's dependence of the
input and output parameters, such as: supply voltage Va, cathode radius r, anode-cathode distance
dak, maximal cathode current Ik, plasma frequency fp,, reflexing frequency f:, etc. [2, 6, 8, 9]. One
of the problems concerning the collected formulas was the lack of an appropriate formula for
assessing the vircator's energy transformation efficiency and the corresponding output microwave
power Pm. Therefore, a special algorithm based on a quantum-relativistic approach that allowed
rough estimation of the above parameters. Additionally, the correction of a plasma f, and reflexing
frequency fr due to the relativistic phenomena was included.
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Basing on the analytical formulas and designed algorithm a corresponding analytical vircator
calculator was designed using Python software language. The calculator allowed. among others,
performing an analytical multi-criteria optimization in order to define an optimal output
parameters, e.g.: energy efficiency », microwave power P, plasma frequency fp, reflexing
frequency f; as a function of the input parameters: supply voltage Va, distance between anode and
cathode dak. One of the characteristics of a multicriteria optimization is the lack of one specific
optimal solution but existence of a whole set of optimal solution, awhich are equivalent from a
mathematical point of view. Most often the optimal solution is selected by assuming some weight
coefficients for each output criteria. The example results are given in the figure 5.
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Figure 5: Designed vircator calculator (a) and performed multi-criteria optimization (b) — the
optimal region is marked by a dotted red lie (figures are given in the native polish language)

Basing on the achieved results of a multicriteria optimization the initial electrical and geometrical
parameters were selected, which in the next step were used for numerical modeling and
simulations. The selected key initial input parameters were as follows:

e supply voltage: Uak=450kV

e distance between anode and cathode: dak= 15mm

e cathode radius: re=50mm

According to the designed vircator calculator the expected analytical output parameters should be
as follows, as given in the figure 6
:plasma frequency: fp= 2GHz

o reflexing frequency: fr= 4GHz

e output microwave power: P=396MW

e energy efficency: #=3.6%
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Figure 6: The evaluated analytical results
4. Numerical Model and Analysis
Numerical model of the initial vircator was done in CST software package designed for modeling

of electromagnetic fields and charged particle trajectories using PIC method (Particle in Cell). The
designed numerical model and achieved results are given in the figure 7.
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Figure 7: Numerical results of the microwave output frequency spectrum (b) for the designed
initial vircator (a)

Numerical modeling results of electron trajectories are presented in the figure 8b in a form of a
normed momentum u, given by a formula

u=py=Y —=

VO ”

where f is an electron velocity v in terms of speed of light ¢ and y is Lorentz factor. It should be
noted that numerical modeling allows only for assessment of reflexing frequency f. of the
microwave signal while plasma frequency f, can only be assessed analytically. Comparing the
analytical and numerical results, concerning the reflexing frequency fi, it can be concluded that the
both analytical and numerical results agree precisely while the energy efficiency is only about
3.6%. Additionally, for the initial vircator, some quantitative and qualitative characteristics were
evaluated, which presents the placement of the virtual cathode (Figure 8), and the output
microwave signal characteristics (Figure 9).
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Figure 9: Distribution of a microwave electric (a) and magnetic (b) field (mode 3 TM)

As can be concluded from the presented results of the analytical and numerical analysis the applied
methodology can be used for the optimization of a vircator. It should be underlined that the current
paper presents only a brief a summary of the first stage of the vircator's electrical and mechanical
structure analysis, which finally will aim towards improvement of the transformation of electrons'
energy into a microwave signal. One of the key problems, which was noticed is a discrepancy
between plasma fp and reflexing frequency fr. Unfortunately, during the presented stage of a
numerical prototyping, a prototype physical design of a vircator was not yet available, which didn't
allowed for an experimental validation of the presented analysis results.
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5. Conclusions

This work describes a research, which was devoted to analytical analysis and numerical
prototyping methods of a vacuum microwave device refereed as a vircator. One of the key
recognized drawbacks of a viractor as a microwave source is a low energy efficiency
transformation, which is typically of a single percentage. Therefore, the taken challenge was to
recognize the reasons of such a situation and improve the classical viractor's design by using a
combined analytical and numerical approach. The achieved results proved that the proposed
prototyping methodology seems to be appropriate and the elaborated tools in a form of the
analytical viractor's calculator and the corresponding numerical model can be used in the following
optimization step. The next step of the presented research would be an application of the results
and verified prototyping methodology in order to aligne the plasma f, and reflexing frequency f;
by e.g. implementing two anodes instead of a one, etc. It is believed that this will result in an
improved energy efficiency of a vircator.
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